Introduction
Proteins in foods supply most of the amino acids for protein synthesis in human bodies (Whitney et al., 1998) . The digestion of protein starts in the stomach by the acidic environment and pepsin-catalyzed hydrolysis . Pepsin is an aspartic protease with two aspartic acid residues at the catalytic site (Fersht, 1985) and has maximum activity between pH 1.5 and 2.5 (Piper & Fenton, 1965) . It prefers to cleave a peptide sequence containing phenylalanine, tyrosine, tryptophan and leucine residues (Inouye & Fruton, 1967) .
$ Published on Food Hydrocolloids by Elsevier, available online at DOI:10.1016 DOI:10. /j.foodhyd.2016 . This is an author version typeset by Qi Luo. Food structure is important in the digestion and nutrient delivery (Bornhorst & Singh, 2014; Singh et al., 2015) ; hence, the protein digestion differs in foods with different structures. For example, NyembDiop et al. (2016) investigated the in vitro digestion of four different egg white gel matrices, and found that the gel structure greatly influences the digestion kinetics, resulting in different peptide profiles. (Guo et al., 2015) found varied disintegration kinetics for two differently structured whey protein emulsion gels: the soft gel (hardness: 19.2 N) disintegrated faster, when both fragmentation and abrasion enacted in the disintegration; the hard gel (hardness 69.9 N) disintegrated slower, and abrasion was the predominant mechanism. Moreover, the abrasion process was accelerated by the presence of pepsin.
To better understand the role of pepsin in the digestion of protein in food structure, we previously studied the in vitro digestion of protein and protein gels by analyzing the peptide distribution after hydrolysis (Luo et al., 2015) . We found that the kinetics of protein hydrolysis in solution and in gels are different: while the dissolved proteins were hydrolyzed through a zipper-type mechanism, the gels followed a slower one-by-one mechanism. We hypothesized that pepsin can penetrate the gel microstructure and hydrolyze proteins in gel matrices. Digestion kinetics may be limited by diffusion of pepsin in gel matrices, which can explain the differences in hydrolysis kinetics.
There are several methods to study the diffusivity of macromolecules in gel networks. Pulsed field gradient NMR has been used to study the diffusion of poly(ethylene glycol)s in whey protein solutions and gels (Colsenet et al., 2006b) and to study the self-diffusion of native proteins and dextran during the heatinduced gelation of β-lactoglo-bulin (Croguennoc et al., 2001) . Fluorescence recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS) have been used to characterize the diffusions of pectin methylesterases in pectin solutions and gels (Videcoq et al., 2013) .
FCS is based on the analysis of intensity fluctuations from some dynamic process, e.g. translational diffusion of a fluorophore through a small volume, using a confocal laser microscope. By autocorrelation analysis of the time-dependent fluorescence fluctuation, the diffusion coefficient of the fluorophore can be determined (Lakowicz, 2006) . While pulsed field gradient NMR requires a probe that is distinct from native proteins in the gel network (Croguennoc et al., 2001) , the two fluorescence methods (FRAP and FCS) can measure any desired molecules that are fluorescent or fluorescently labeled. Compared with FRAP, FCS has a larger detection range of diffusion time (µs -s), can be used at low fluorophore concentrations and can distinguish multicomponent diffusion (Kwaaitaal et al., 2011) . In this study, we considered the possibility of interaction between pepsin and protein gel. Therefore, FCS was employed to investigate the diffusivity of pepsin in the protein gels.
In the FCS experiments, we used whey protein isolate (WPI) gel as a model for a protein-based food matrix. In addition to fluorescently labeled pepsin, enhanced green fluorescent protein (EGFP) was used as a reference molecule due to its intrinsic fluorescence and similar size to pepsin. EGFP is a variant of the wild-type green fluorescent protein, which has increased brightness and folding efficiency (Royant & Noirclerc-Savoye, 2011) . By combining the information from the diffusion study with that from gel composition analysis and scanning electron microscopy, we can better understand the role of pepsin diffusion in the digestive process, and thus better understand the role of the food microstructure in digestion.
Material and methods

Material
WPI (Bipro, lot no. JE 034-70-440-6) was purchased from Davisco Food International, Inc. (Le Sueur, MN, USA). This batch of WPI was reported to have a protein content of 97.9 g/100 g dry solid. Milli-Q water (resistivity 18.2 MΩ cm at 25 • C; Merck Millipore, Billerica, MA, USA) was used in all experiments. The fluorescent dye Alexa Fluor ® 633 succinimidyl ester (Alexa 633, MW ≈ 1200 Da) was purchased from Life Technologies (Carlsbad, CA, USA); pepsin from porcine gastric mucosa (lyophilized powder, 3,2004,500 units/mg protein, MW = 34.6 kDa) and all other chemicals used were purchased from Sigma Aldrich (St.
Louis, MO, USA).
EGFP (MW = 26.9 kDa) was produced in-house at Wageningen University, via the method described by (Nolles et al., 2015) .
Preparation of whey protein isolate gels and simulated gastric fluid
WPI was dissolved in water (15 wt% or 20 wt%) and stirred at room temperature for at least 2 h. The solutions were centrifuged at 1000 rpm (∼ 200 G relative centrifuge force) for 10 min to remove large aggregates and air bubbles.
FCS was performed on WPI gels that were prepared as follows: 200 µs of the WPI solution was pipetted into each well of an eight-well Nunc Lab-Tek Chambered Coverglass (Thermo Fisher Scientific, Waltham, MA, USA). The system was sealed and heated at 90 • C for 30 min in a hot-air oven. The WPI gel was then cooled to room temperature and stored at 4 • C. The thickness of the gel layer was 1-2 mm. Further FCS experiments were performed within 2-3 days.
WPI gels for digestion experiments were prepared in Teflon tubes incubated in a 90 • C water bath for 30 min, as described previously (Luo et al., 2015) . To analyse the texture of the WPI gels, cylindrical samples (diameter 2 cm and height 2 cm) were compressed between two flat plates using a Instron texture analyser 5564 (Instron, Norwood, MA, USA) with test speed of 5 mm/min. The Young's moduli for WPI 15% and 20% were (18 ± 6) kPa and (270 ± 80) kPa respectively (mean ± standard deviation of four experiments), calculated from the slope of the stress-strain curve in linear region.
The simulated gastric fluid (SGF) for digestion experiments comprised of pepsin (1 g L −1 ), mucin (1.5 g L −1 ) and NaCl ( 8.775 g L −1 ) and was adjusted to pH 2.0, also as prepared previously (Luo et al., 2015) .
Pepsin labeling
Ten milligrams of pepsin was dissolved in 1 mL 2-(N-morpholino) ethanesulfonic acid buffer (MES buffer, 10 mmol L −1 , pH 6.5). The fluorescent dye Alexa 633 was dissolved in dimethyl sulfoxide (DMSO) at 10 mg mL −1 . A total amount of 100 µL Alexa 633 solution was slowly added in small quantities to the pepsin solution while mixing vigorously. The mixture was incubated at room temperature for 1 h. After incubation, the conjugate was purified by a 5 mL HiTrap desalting column packed with Sephadex G-25
Superfine medium (GE Healthcare Life Sciences, Little Chalfont, UK). The column was operated with a 2 mL syringe and the purification process was repeated twice. The purity was verified on an KTA system (GE Healthcare Life Sciences) with dual-wavelength detector; it showed a single peak at the same elution volume at 621 nm and 280 nm. The conjugate was finally preserved in buffer containing 20% glycerol at −25 • C. The final concentration of pepsin was approximately 4 mg mL −1 due to the dilution from the purification step and glycerol.
Fluorescence correlation spectroscopy
Five µL of purified Pepsin-Alexa 633 conjugate (later referred to as PepA633) solution or EGFP was pipetted onto each well of an eight-well plate containing WPI gel. The samples were kept at 4 • C for approximately 20 h before measuring. This duration allowed adequate fluorescent molecules to migrate from the surface of the gel toward the glass bottom and be measured. FCS was performed on a Leica TCS SP5X system (Leica Microsystem, Wetzlar, Germany) equipped with a 63 × 1.20 NA water immersion objective and a supercontinuum white light laser, which emits a continuous spectrum from 470 to 670 nm. Alexa Fluor 633 was excited by selecting the 621 nm laser line at a pulsed frequency of 80 MHz.
Fluorescence was recorded through a size-adjustable pinhole set at 90 µm, and filtered using a 630 nm to 690 nm spectral filter. EGFP was excited at wavelength 488 nm at the same pulsed frequency. The pinhole was now 75 µm and the spectral filter was set at 495 nm to 525 nm. Fluorescence was recorded via the internal hybrid detector, which was coupled to a PicoHarp 300 TCSPC module (PicoQuant GmbH, Berlin, Germany). For each sample, 30s measurements were repeated 10 times. All individual experiments were performed more than three times at 20 • C and neutral pH, due to the pH dependence of the fluorophores.
The principles of FCS have been described previously (Lakowicz, 2006; Nolles et al., 2015) . Briefly, the obtained fluorescence intensity fluctuation from a confocal volume can be described by an autocorrelation function:
( 1) where I(t) and I(t + τ) are the fluorescence intensities at timet and t + τ; I is the average fluorescence intensity. The fluctuations in intensity are caused by diffusion, and in some cases they are additionally caused by triplet dynamics of the fluorophore. The equation used to fit the translational diffusion data and includes triplet state is as follows:
where Nł 
The value of ω xy can be obtained by calibration with a solution of a fluorophore with a known diffusion FFS data processor version 2.3 (Scientific Software Technologies Software Centre, Minsk, Belarus) was used to fit the data to a diffusion model including triplet state. The parameter fitting was based on the Marquardt-Levenberg nonlinear method of least squares. The confidence intervals of the recovered parameters were calculated by the exhaustive search method. Those procedures were all performed within the software package, more details have been described by Skakun et al. (2014) .
Gel composition analysis by size-exclusion chromatography
Digestion of WPI gels was performed inside the Teflon tubes (inner diameter 2 cm, length 10 cm) to impose one-dimensional diffusion (assuming the radial variations are negligible) and digestion: a small upper part of the prepared gel was removed and 2mL SGF was added on top of the remaining gel. The gels were then digested in a 37 • C water bath for 6 h. Afterwards, the SGF was removed and pepsin in SGF was inactivated in a pre-heated Eppendorf Thermomixer Comfort (Eppendorf AG, Hamburg, Germany)
at 90 • C, shaking at 1400 rpm for 5 min. The WPI gels were cut perpendicularly to the axis of the tube (2 mm thick slices). In some experiments, the slices were crushed and soaked overnight in water (0.5 wt% dry matter of gel in water including pepstatin (30 µmol L −1 ) to inhibit pepsin activity) for analyzing the water-soluble content inside the gel; others were immediately frozen and lyophilized for analyzing the gel composition.
The lyophilized gel slices were ground with a mortar and dissolved overnight in a solvent consisting of 8 mol/L urea and 0.03 mol/L dithiothreitol (DTT) (0.5 wt% gel dry matter in solvent). The dissolved gels were then analyzed by size-exclusion chromatography with a combination of a TSKgel G2000SWxl and TSKgel G3000SWxl column (Tosoh Bioscience LLC, King of Prussia, PA, USA), using a method as described previously (Luo et al., 2015) except that the standard proteins were also dissolved in the same urea and DTT solution. The gel composition analysis was performed in duplicate. The water-soluble content was also analyzed using size-exclusion chromatography.
Scanning electron microscopy
WPI gels were cut into 7 mm × 5 mm diameter cylindrical samples and digested in SGF for 1 h in a static soaking system (Luo et al., 2015) . The samples were fixated with 3% (v/v) glutaraldehyde immediately for at least 2 h and subsequently rinsed with Milli-Q water (3 10 min). The samples were then immersed in 40 mmol L −1 osmium tetroxide for 2 h to 4 h, rinsed with Milli-Q water (3× 10 min) and dehydrated in an ethanol-water gradient series (10%, 30%, 50%, 70%, 90%, 100% volume fraction for 15 min each). Afterward, the samples were dried in a critical point dryer (CPD 030, Bal-Tec AG, Balzers, Liechtenstein) with supercritical CO 2 . The dried samples were glued on stubs using conductive carbon glue and coated with 12 nm tungsten by a Leica EM MED020 sputter coater (Leica Microsystems, Wetzlar, Germany). The microstructures of samples were observed using a Magellan 400 field emission scanning electron microscope (FEI, Hillsboro, OR, USA) at room temperature with 2 kV voltage.
Results and discussion
Diffusivity of enhanced green fluorescent protein and pepsin
The diffusion coefficients of fluorescently labeled pepsin as well as EGFP were determined using FCS.
The autocorrelation curves obtained for EGFP in water and WPI gels are reported in Fig. 1A . The typical autocorrelation curves were fitted with a one-component model resulting in an optimal fit indicated by the straightness of the weighted residuals and low chi square values.
The autocorrelation curves for labeled pepsin in water and WPI gels are displayed in The slowest mode of diffusion may have several causes:
1. The experiments were performed under neutral pH, where PepA633, EGFP and the whey protein gel network are all negatively charged. Both electrostatic attraction and repulsion can hinder diffusion of charged particles (Stylianopoulos et al., 2010; Thorne et al., 2008) . However, since EGFP did not show the slow diffusion mode, this cannot explain why the slow diffusion mode was found only with the labeled pepsin.
2. Aggregation of fluorescent conjugates may also cause a slower diffusion mode, but there was no evidence for slow diffusion mode of PepA633 in water. In addition, a diffusion coefficient that is 100
x lower would require massive aggregates of 106 molecules (assuming Stokes-Einsteins equation to be valid inside the WPI matrix), which would have been visible during the experiments.
In water
In WPI 15%gel
In 3. A bimodal pore size distribution could explain a fast and a slow diffusion mode; however, in this case, one would expect that it would be seen with both proteins, EFGP and the PepA633 conjugate.
4. In FCS studies, detecting extra species with slow diffusion could indicate probe-network interaction (Wöll, 2013) . The slow diffusion mode occurs only with the conjugate, and the most obvious difference between the two proteins is that pepsin naturally binds to proteins. Our hypothesis, therefore, is that the slow conjugate diffusion mode is related to the pepsin that forms a temporary complex with the WPI matrix. The fact that the fraction of conjugate in the slow mode is the same in both gels supports this hypothesis.
The diffusion coefficients are reported in Fig.2 ; we regard the second component as the PepA633 diffusing in WPI gels. The EGFP diffusion in water is 1.2 × 10 −10 m 2 s −1 , which is in agreement with other studies (Nolles et al., 2015) . The diffusion coefficient of PepA633 in water is 7.3 × 10 −11 m 2 s −1 , which is slightly lower than the pepsin diffusion coefficient in water as reported previously (8.7 × 10 −11 m 2 s −1 ; (Tyn & Gusek, 1990) ). The larger diffusion coefficient of EGFP in water compared with that of PepA633 may stem from its lower molecular mass and thus smaller hydrodynamic radius (Erickson (2009) demonstrated the correlation between molecular weight and hydrodynamic radius of proteins). In 15% WPI gel, the diffusion coefficients of EGFP and PepA633 are both smaller than in water, while the EGFP diffusion remains faster than that of PepA633. In 20% WPI gel, the differences between EGFP and PepA633 are negligible.
The hindered diffusion of solute in hydrogels has been explained using various theories. For instance, the free volume theory suggested that hydrogels reduce free volume that allows solute to diffuse; the hydrodynamic theory proposed that hydrogels enhance the frictional drag on the solute (Amsden, 1998) . Thus, as shown in our experiments, protein gels with higher protein fraction have greater hindrance on the PepA633 and EGFP diffusion. The diffusion coefficients can be used to estimate the enzyme concentration gradient inside protein gels during digestion, using Ficks second law [eq. 4] and its integration for one-dimensional diffusion [eq. 5] (Walstra, 2002) :
where C is the concentration dependent on the position (x) and time (t), C 0 is the constant concentration at the boundary; D is the diffusion coefficient. Fig. 3 shows the relative pepsin concentration (C/C 0 ) along the diffusion distance (x = 0 mm to 2 mm) in one dimension after a certain period of time (1 h or 6 h), assuming that the bulk concentration of pepsin and diffusion coefficients are constant regardless of time and location. One can either only consider the fast mode of pepsin diffusion or include the slow mode diffusion that 17% of the pepsin exhibits, as indicated above. The dashed lines in Fig. 3 excluded the slow mode diffusion, and the solid lines included the slow mode diffusion.
Within 6 h, which is in the range of gastric emptying time of solid meals (Bornhorst et al., 2013; Collins et al., 1991) , the pepsin concentration reaches a significant level only in the first 2 mm of the gels. Thus, the enzymatic hydrolysis of gel matrix is constrained within a thin layer. This may cause the limited digestion of protein gel structure compared with protein in solution that was found earlier (Luo et al., 2015) . However, the differences in the pepsin concentration between 15% and 20% WPI gels are much smaller than the differences in the degrees of hydrolysis obtained in our previous research, where WPI 15% gel underwent a much higher degree of hydrolysis than WPI 20% gel during simulated gastric digestion (Luo et al., 2015) . Therefore, the diffusional constraint might not be the only explanation for the hindered digestion of protein in gel matrices. The FCS experiments were performed at neutral pH, where pepsin has little activity; while in realistic digestion, one should consider that the action of pepsin may change the gel structure and consequently change the pepsin diffusivity.
Gel composition analysis by size-exclusion chromatography
To validate and explore the effect of pepsin diffusion in protein gel digestion, we dissolved the gel slices with urea and DTT after digestion, and analyzed the gel composition using size-exclusion chromatography.
The resulting chromatograms for WPI gels of 15 wt% and 20 wt% are shown in Fig. 4 . The compositions of the second and onward slices were identical to that of undigested gels for both gels (only the second slices were shown), while the first slice was distinctively different. This shows that indeed the pepsin did not affect the second slices. The chromatogram of the first slice of the WPI gel showed several peaks after 10 min of retention time, which indicates the presence of hydrolytic products. Therefore, hydrolysis had occurred in and only within the first 2 mm of the gel, which is in accordance with the estimation based on enzyme diffusion. Moreover, the hydrolysis fragments in the first gel slice were larger than the small peptides in the SGF, based on their distributions in retention time. The 20% WPI gel (Fig. 4B) showed the same trend as the 15% WPI gel, but with lower amounts of peptides in the gel slice and in the SGF.
We hypothesized previously that the different peptide distributions obtained during the digestion of a whey protein solution and of a gel (Luo et al., 2015) may be caused for two reasons: the hydrolysis fragments may either be still attached to the WPI network, or they may be constrained in their egression. The water-soluble content inside the WPI gels first slices showed similar amount of small peptides (retention time > 12 min) but a lower amount of larger peptides (retention time < 12 min), compared with that of the dissolved first slices of gels (Fig. 4) . Therefore, those larger peptides may be still attached to the WPI gel network and can only be dissolved with urea and DTT, which supports the first hypothesis.
Large peaks at 7.5 min retention time were observed in the first slices that were digested either with SGF or with pH 2 acidic water (data not shown). We presume that is the stable self-assembly of whey protein formed under acidic condition, since it has been reported previously that -lactoglobulin at pH 2 can form irreversible fibrillar protein aggregates (Akkermans et al., 2008) .
Microstructure of WPI gels
Scanning electron microscopy was employed to observe the effect of pepsin diffusion on the microstructure of WPI gels. The surfaces of original WPI 15 wt% and 20 wt% gels, shown in Fig. 3 .5, are fine-stranded gels with rather homogeneous microstructure and a fine network. The network of the 20 wt% gel has smaller pore size than the 15% gel network, in agreement with the lower diffusion rates of both EGFP and PepA633 in the 20% gel. We found that the diffusivity of PepA633 was reduced by about 70% in 15 wt% gel and 80% in 20 wt% gel compared with its diffusivity in water (Fig. 2) . Colsenet et al. (Colsenet, Söderman & Mariette, 2006a) reported on the diffusivity of poly(ethylene glycol)s in whey protein gels; they found a reduction of 70% for the 82 kDa poly(ethylene glycol) in a 19.35 wt% WPI gel (heated at 70 • C for 30 min, NaCl 0.1 mmol L −1 ) compared with D 0 in water, which is in the same order of magnitude for both EGFP and pepsin in 20 wt% WPI gel. This small discrepancy in diffusivity reduction may stem from the different gel microstructures caused by the differences in heat treatment and ionic strength: a higher ionic strength during gel formation leads to a particulate gel structure and a larger pore sizes (Doi, 1993) . Moreover, poly(ethylene glycol)s are linear, flexible molecules that can adjust their shape according to the network (Petit et al., 1996) , while EGFP and PepA633, which are globular, rigid and charged proteins, thus behave different than poly(ethylene glycol)s.
After 1 h of digestion, both the 15% and 20% WPI gel surfaces changed compared with native samples and some heterogeneity appeared ( Fig. 6 ): some areas appeared to be smoother than others; the smooth areas remained rather homogeneous, while the structure became more open than the original microstructure. We suppose that the pepsin hydrolysis weakens the gel microstructure. The rougher areas resemble fragments with more random formation, which may be aggregates induced by hydrolysis and the acidity.
We remind the reader that stable aggregates were also observed in the size-exclusion chromatograms (Fig.   4 ).
The loosened microstructure in the smooth area may lead to faster pepsin diffusion.. Thus, the pepsin concentration in realistic gastric digestion may be slightly higher than our estimation in Chapter Section 3.1 where we assumed the diffusion coefficients are constant regardless of time and location. Regarding the different digestion between 15% and 20% WPI gels, the diffusional constraint might not be the only hindrance; with the microstructure observation we hypothesize that the different rate of structure loosening may be another cause. The summed effect of different diffusion limitations, hydrolysis rates and differences in microstructure and mechanical strength may have caused the difference in disintegration and digestion of two WPI gels.
Conclusion
We measured the diffusivity of pepsin in whey protein gels by FCS and found significantly slower pepsin diffusion in 15 wt% and 20 wt% WPI gels compared with pepsin diffusion in water, due to steric hindrance in the gel microstructure. The diffusivity of EGFP in the respective protein gels was similar to that of pepsin, but did not show a characteristic slow diffusion mode that was observed for pepsin. This slow mode, for about 17% of the pepsin, is thought to be the pepsin that is temporarily bound to the WPI protein matrix.
Pepsin hydrolysis in the gel matrix is constrained to a thin layer at the surface for timescales that are similar to human gastric digestion. Since pepsin has limited penetration depth, digestion processes are constrained largely to the surface area of the gel particles and on the surface erosion rate.
Analysis of hydrolysis products inside the gels and in SGF indicated that also the reaction products cannot diffuse freely out of the gel but are significantly retained inside the gel structure.
By combining diffusivity study, gel composition analysis and microstructure observation, we can conclude that the mode of WPI gel digestion is determined by the summed effect of diffusion limitation, hydrolysis rate and microstructure transformation. This summed effect could also have caused the distinctive digestion rate between WPI 15 wt% and 20 wt% gels.
We demonstrated the digestion process of WPI gels from a mechanistic view at the microscale level.
This knowledge may be used further to predict the digestion of solid food in general, from protein-based food to more complex food structures.
